Abstract The study of temperature gradients in cold stores and containers is a critical issue in the food industry for the quality assurance of products during transport, as well as for minimizing losses. The objective of this work is to develop a new methodology of data analysis based on phase space graphs of temperature and enthalpy, collected by means of multidistributed, low cost and autonomous wireless sensors and loggers. A transoceanic refrigerated transport of lemons in a reefer container ship from Montevideo (Uruguay) to Cartagena (Spain) was monitored with a network of 39 semi-passive TurboTag RFID loggers and 13 i-button loggers. Transport included intermodal transit from transoceanic to short shipping vessels and a truck trip. Data analysis is carried out using qualitative phase diagrams computed on the basis of Takens-Ruelle reconstruction of attractors. Fruit stress is quantified in terms of the phase diagram area which characterizes the cyclic behaviour of temperature. Areas within the enthalpy phase diagram computed for the short sea shipping transport were 5 times higher than those computed for the long sea shipping, with coefficients of variation above 100 % for both periods. This new methodology for data analysis highlights the significant heterogeneity of thermohygrometric conditions at different locations in the container.
Introduction
Food industry is in a permanent quest for new markets and new population sectors, which immediately translates into the search for novel products and more efficient processes to gain market opportunities (Juriaanse 1999; Bruin and Jongen 2010) . In a scenario where global trade of perishable goods grew 7.6 % in the first 6 months of 2011, the high losses incurred in the postharvest processes due to a decrease in the quality and/or shortening of the shelf life of fruits and vegetables, justifies the need to invest in better postharvest handling. On the other hand there is a need for proper management of the supply chain to ensure the availability of a high quality, safe and traceable product, in the right time and place in markets where it is consumed at minimum cost (Yahla 2009 ).
The starting point for this study is the quality of fruits and vegetables: it is well known that it changes rapidly when inadequate temperature and relative humidity (RH) conditions occur during transport and storage. Several studies have shown a significant level of temperature and humidity heterogeneity, with non-uniform airflow in the refrigeration equipment, which lead to a deterioration in food quality and safety. Inadequate temperatures are the second factor causing food-borne illness, being the first the initial microflora present in the commodity foods (Laguerre et al. 2013; Pathare et al. 2012; RodriguezBermejo et al. 2007 ). Transportation and logistics have a significant role in the process, so that there is the need for supervision, control and modeling to evaluate/simulate and estimate the quality state with which the loads reach their destination. Transportation is an important part of the overall quality system and must provide a complete logistics service, based on scientific and technological aspects and on information management (Costa et al. 2013) .
Rapid advances in sensors and wireless communications have the potential to assist in dealing with a large amount of data generated by a monitoring system. Low-cost, wireless and autonomous sensors, from the point of view of power supply and recording capabilities, are the most suitable for the supervision and control of cold chambers such as a reefer container (Costa et al. 2013) . These allow us to install intensive and real-time data acquisition networks that make the reconstruction of the time and spatial distribution of variables such as temperature or fluid velocity fields feasible from point measurements ). Models can be developed to explain and to predict temperature changes, as for example in a corner or the center of a banana box inside a pallet in a reefer container to be used as a helpful tool to predict the emergence of warm spots (Jedermann et al. 2013 ). Other models of the environment in refrigerated transport units are addressed to the prediction of heat and mass transfer during transportation and can combine variables as temperature again, with time aspects of transportation, such as fluctuating external ambient conditions, door openings, product removal/loading (James et al. 2006) . The "intelligent container" developed by Lang et al. (2011) is equipped with 16 sensor nodes each containing a temperature and humidity sensor. The system uses several algorithms in order to estimate temperature related quality losses, to detect malfunctioning sensors and to control the sensor density to provide an accurate spatial interpolation and measurement intervals.
Therefore, temperature is a well-established indicator for monitoring the transport conditions of fresh products. However, little information about humidity is usually registered and used. Enthalpy is actually a measure of the total energy held in the air by two components: sensible energy, measured by dry bulb temperature, and latent energy, which is the heat retained in water vapor allowing it to remain as such. It should be underlined that enthalpy values could be a more accurate predictor of stress, because they provide humidity variation as well (Villarroel et al. 2011 ). Furthermore, in previous studies a correlation was found between energy consumption and enthalpy . Air enthalpy dynamics evolves continuously due to temperature and humidity variations inside a cold chamber and the resultant enthalpy peaks usually correspond to increases in energy consumption . In other fields of knowledge, control systems based on enthalpy instead of temperature are preferred (Aktacir et al. 2008; Bulut and Aktacir 2011) . Previous research demonstrated the convenience of enthalpy control strategy against temperature control strategy for free cooling applications (Aktacir 2012) .
On the other hand, the phase space (or phase diagram) is the most adequate representation where the behavior of a dynamical system is displayed. In principle, we should know the corresponding differential equation system, solve it for a given initial conditions, and then plot the solution in the phase space representation. However, as proven by Packard et al. (1980) , Takens (1981) , Eckmann and Ruelle (1985) , and other authors, a topological approximation to the phase space of a dynamical system can be obtained from a time series corresponding to one of its solutions. That is, we can approximately reconstruct the phase space of an unknown dynamical system through a time series obtained by measuring one of its physical variables along time. In this paper, we apply this reconstruction technique to temperature and enthalpy data, in order to analyze the two-dimensional projections of the derived phase space.
The objective of this work is to develop a new methodology of data analysis based on the implementation of phase space graphs of temperature and enthalpy. Data are collected by multidistributed, low-cost and autonomous wireless sensors and loggers, while phase space charts are used as a quick tool for the characterization of the spatial gradients of temperature, RH and enthalpy in a refrigerated room.
Materials and Methods

Experimental Setup
A transoceanic ship of a 40′ High Cube reefer (11.59×2.3× 2.43 m for internal dimensions), loaded with 25,000 kg of lemons was monitored: origin from Montevideo (Uruguay) and destination to Cartagena (Spain). The container was fully loaded with 20 pallets. Telescopic boxes (15 kg) of corrugated carton and with overall external dimensions 395×295× 275 mm (length×width×height) were palletized in eight layers with ten boxes per layer. The area of openings represented 10 % of the overall external surface of each box, with circular openings, four at the top and four at the bottom, and 12 rectangular openings in the sides of the boxes. Table 1 shows the complete itinerary followed by the reefer during 31.7 days. The first 22.2 days of travel were made in the Maersk Laberinto vessel from port of Montevideo to port of Algeciras (Spain), then the container was transferred to a second vessel, the BF Maryam, this stage of the journey lasted 9.5 days. Finally, the reefer was transported by truck (2 h) from the port of Cartagena to the fruit packinghouse in Murcia (Spain).
The multidistributed sensor network was made up by 45 TurboTag (RFID Tags) temperature sensors (only 39 correctly collected the data), and 15 i-button temperature and RH sensors (only 13 of them correctly collected the data). The sensors were equi-spatially distributed along the load of approximately 62 m 3 , and were attached to the inner surface of the cartons. Five transversal planes (parallel to the door) were defined ( Table 2 ). For TurboTag, nine sensors were equispatially located on each transversal plane (three per height); and for i-buttons, only one sensor per height was located in each transversal plane. Table 2 shows the technical characteristics of both types of sensors, both low cost (between 25 $ for TurboTag® T-700 and 70 $ for Hygochron™ i-button). They 
are autonomous in power supply during at least 1 year, furnished with on-board data memory and very easy-to-fix behavior regarding the load. All communications with T-700 series tags are carried out using an RFID reader DR-1 (RFID Interface 13.56 MHz). This is a small desktop USB device for use with a PC that runs with Session Manager Software. The Tag download requires 2 s on average with the RFID read distance around 5-10 cm. For the ibutton sensor, the information transfer between the sensor and the PC is carried out by wire with momentary connection using a Blue Dot™ receptor; transmission is done at 125 kbps, using a 1-wire RJ45 to USB adaptor. The i-button allows gathering the information of the RH besides the temperature. The calibration of the sensor of RH included in the i-button is taken at 25°C. Therefore, to obtain the most accurate humidity results, the manufacturer (Maxim 2009 ) proposes temperature compensation, and this was carried out in all the RH registered. Since the sensor of RH is capacitive, a shift of humidity reading is described when it is exposed to humidity level above 70 %; therefore, a software saturation drift compensation was implemented following the equation given by the manufacturer. Due to an internal memory available of 4096 data points by channel, it used a high temporal resolution (17 min/data in this experiment) versus a minor temporal resolution selected for TurboTag (100 min/data) that was limited by an internal available memory of 702 data (Table 2 ).
Data Analysis
In order to analyze the data from sensor recording, two different procedures were implemented: the psychrometric model and the reconstruction of the phase space.
The psychrometric charts were produced using the data collected from the i-button sensors, based on the ASABE model which computes complex parameters such as absolute humidity (kg vapour /kg dry air ) and enthalpy per unit mass (J/ kg dry air ) from temperature and RH data. The psychrometric data ASAE Standard D271.2, defined in April 1979 and reviewed in 2005 (ASABE 2006) were used to calculate these psychrometric properties of the air.
On the other hand, following Eckmann and Ruelle (1985) , the best way to reconstruct the phase space from a time series is using time delays. The technique is as follows. Let there be a time series (t(k),y(k)) with fixed time step. Then, we can construct the N -dimensional phase space (Y 1 ,Y 2 ,…,Y N ) from the time series by doing Y i =y(k +Δ i ) with i =1, 2, …, N and Δ 1 =0, where each Δ i defines a time delay given by t di =t(k + Δ i )−t(k). Note that the time delay does not depend on step k, because the time step is fixed. That is, we represent the time series versus itself delayed in time. The value of the optimal time delays will be obtained by heuristics.
To compute the phase space on temperature series from RFID Tags and on enthalpy series calculated from i-button data, a filter was used to smooth the data. The smoothed points were computed by replacing each data point with the value of its fitted value. In our case, a window of 5 points was used. Two-dimensional phase spaces were performed plotting the temperature at time t(k + Δ) versus the temperature at time t(k), where Δ corresponds to different steps. Different values of Δ were tested for RFID Tags (temperature) and i-buttons (enthalpy), respectively, looking for the optimal Δ in which the cyclic trajectories or attractor in the phase space showed the maximum area. The area of the different polygons that include the data points corresponding to cyclic behaviour in the phase space per sensor or sensor group was computed, using the MATLAB Function CONVHULLN, which returns the vertices and area, in°C 2 (for temperature) and J 2 kg −2 (for enthalpy), of refereed convex hull on phase spaces. This function allows users to manually select a set of points on the attractor in the phase space graph, and gives the smallest convex envelope that contains these points.
Results and Discussion
Temporal Information
In the monitored reefer, the set point temperature was 4°C. Taking into account all data of the 39 RFID Tags, the average temperature was 2.7°C above the set point, which is more than the ±0.5°C of variation recommended by the Standards for food distribution BS EN 12830:1999 (James et al. 2006; Jedermann et al. 2009 ). The average of absolute minimum temperatures (n =39 sensors) was 5.4°C, with the lowest registered temperature being 3.7°C corresponding to the sensor located near the evaporator outlet, while the maximum absolute temperature was registered at the evaporator inlet (10.5°C) (Fig. 1) .
Along the transoceanic transport, the average standard deviation (SD, n =39 sensors) was ±0.17°C, which is below the accuracy of ±0.19°C estimated by Jederman et al. (2009) for RFID Tags; meanwhile, in the same period, the average spatial SD (calculated for sensors at different locations for the same instant, n =215 time data) almost quadrupled that value (±0.67°C). Both values of SD increased a 51.98 % and a 43.93 %, respectively, during the short sea shipping (SSS) in Spain (from Algeciras to Cartagena, 9.5 days).
In order to facilitate the handling of data from the 39 RFID Tags, a sensor clustering was carried out looking for similar patterns among time temperature series recorded by sensors at different locations in the container; ten groups were identified labeled from A to J. In Table 3 , the average values for the mean and the SD of temperatures for the complete journey are summarized, together with the time period required to reach temperature stability after the start-up and loading of the container, for each of those groups of sensors. For further analysis, groups B (consisting of two RFID Tags, Table 3 ), G (three RFID Tags) and J (three RFID Tags) were selected, corresponding respectively to the hottest, the coldest and the most stable locations inside the reefer. Figure 1 shows the temperatures along the transport corresponding to the selected sensors. During the SSS, daily cycles of temperature could be observed, which were especially noticeable in those sensors located at the outlet (light blue sensor) and at the return (dark blue sensor) of the refrigeration unit, respectively. Whenever the temperature increase registered at the inlet of the cold unit was above the established threshold, the cold unit was switched on causing an instantaneous decrease of temperature in the outlet.
According to the literature, when fresh products are exposed to a temperature below its tolerance threshold, chilling injury symptoms might appear (Hashim et al. 2012) , for loads of lemons there is serious risk of alterations by its particular sensitivity to the combined effect of low temperatures and long periods of storage. The optimum storage temperature of lemons to avoid chilling injuries is 12-18°C, but these high temperatures combined with an RH of 85-90 % favor the development of rotting (Artés-Hernández et al. 2010; Artes et al. 1993) . Moreover, the temperature of 4°C during 31 days of cold storage could induce chilling injuries. It looks like in this case, it was preferred to withstand a risk of chilling injuries when compared to the risk of rotting. Therefore the priority was to control rots and thus the low temperature selected for transport. The presence of rotting is a common commercial reason for rejection of lemons at the quality inspection during the unloading operation or at the consumer market. On the other hand, the visual impact created by rotting is much more striking than that of chilling injury, whose incidence is much more Fig. 1 Dynamics of temperature inside the container, registered by three groups of RFID Tags sensors, and corresponding location inside the container (upper part). Group B: in dark blue, group G: in light blue, group J: in black. The elliptic dotted curves indicate the daily cycles of temperature. LSS long sea shipping, SSS short sea shipping relevant during the marketing period and scarcely visible after cold storage.
Another critical point in this study is the occurrence of daily cycles during SSS, which could be due to the direct exposure of the reefer to sunlight in port and on the ship's deck. In August and in Southern Spain, noon outside temperature can easily exceed 35°C; consequently, the large heat gain makes it far more difficult to control product temperatures (James et al. 2006 ). The built-in sensors of a standard refrigeration unit measure only the inlet and the outlet air temperature, but not the freight temperature (Lang et al. 2011) . The on/off action would be improved if the temperature sensor measured the air surrounding the carton stack instead of the return air, according to James et al. (James et al. 2006) this would reduce overcooling of the product and temperature cycling. Figure 2 shows the phase diagram of temperature (t d = 1(step)⋅100(min/step)=100 min) for the three selected groups of sensors (B, G and J). Sensors belonging to the same group appear in the same color and in the same region of the phase diagram. The areas of the polygons that include all the data points of each sensor group quantify the variability of the temperature within each zone of the container. Consequently, group B (dark blue sensors) corresponds to the hottest zone of the container, with an average temperature that was 4.2°C above the set point (4°C) and due to its largest area on the phase space that equals 3.49 (°C 2 , Δ=1), can be identified as the zone subjected to the highest temperature gradients. In the upper part of the reefer, we found the most stressed fruits and the highest risk to rotting Table 3 Average of mean and SD of the temperature for ten sensor clusters along the complete journey and start-up time required to reach the temperature stability for each group of sensors. Color of rows corresponds to the color code used in Fig. 2 Sensor Fig. 2 Phase diagram for temperature with Δ=1 (t d = 1(step) · 100(min/step)=100 min) for RFID Tag sensors: group B (dark blue), group G (light blue) and group J (black). Double arrow indicates the overall variation of temperature inside the reefer (from 3.71°C to 10.53°C) development. Group G (light blue sensors) is located on the base of the phase diagram with a similar area of 3.48 (°C 2 , Δ=1) and showing an average temperature of 5.8°C. Therefore, it provides the coldest points inside the container, with the highest risk of chilling injury, also with a large temperature gradient. Group J (black sensors) identifies points at the center (average temperature 6.3°C) where the temperature is more stable. This behaviour is also confirmed by the lowest area that is covered by sensor group J within the phase diagram 1.95 (°C 2 , Δ=1). The total range of variation of the cargo temperature for the complete journey was 6.8°C, which is in accordance with previous published data that report deviations above 5°C during long transports (Jedermann et al. 2009; Lang et al. 2011) . The phase diagram of temperatures emphasizes the difference between the temperatures recorded by the sensors at different locations inside the container. Depending on the location of the cargo the products may be under large differences in cooling (Jedermann et al. 2009 ). The areas computed on these diagrams provide an idea of the thermal stress (Villarroel et al. 2011 ) (temporal gradients of temperature) to which the fruits were subjected during the long transport.
Spatial Information
Complex Information
During the long sea shipping (LSS), or transoceanic transport, the average SD of temperature along time was ±0.19°C for all ibutton (n =13 sensors), a value above the accuracy of ±0.09°C computed by Jederman et al. (2009) for i-buttons, while the average spatial SD was ±0.47°C (n =1,540 time data). It is observed that in this experiment, both average SDs double these values during the SSS. The i-buttons located at the most relevant locations inside the container were considered for further analysis: evaporator inlet and outlet, central reefer position and door end. Figure 3 shows the temporal evolution of temperature from selected i-button sensors for the complete journey. The higher time resolution of i-button sensors allows users to confirm the occurrence of daily temperature cycles, once the load reaches the Spanish port of Algeciras and is further transferred to the second vessel, an oscillation that is verified in all locations in the container.
The average RH recorded for the 13 i-buttons was 90.7 % (the recommended RH for lemons cold storage is 85-90 %; Fig. 3 Time series of temperature corresponding to five i-buttons and its location inside the container (upper part). LSS long sea shipping transport from Montevideo to Algeciras, SSS short sea shipping from Algeciras to Cartagena. Sensor located at evaporator inlet and outlet in blue and black, respectively, at central position in red and sensors near to the door in purple and green. The dotted elliptic curve indicates the daily cycles of temperature during the SSS Thompson 2007) . However the psychometric chart (Fig. 4) shows a large heterogeneity in the thermohygrometric conditions of the reefer environment. The RH variability increases from a spatial average SD of ±2.4 % during the LSS to a level of ±4.1 % during the SSS. The highest RH range (considering sensors at different locations for the same instant) was 26.5 %, which was reached at day 28.8 during the SSS. These extreme values of RH were recorded by the sensors located longitudinally in the outermost reefer positions (see green dots overlying the red and purple markers in Fig. 4 ). In addition, it is possible to detect condensations, as indicated by red sensor in Fig. 4 , since its RH was over 99 % during several periods, that is to say it lead to saturation conditions. Figure 4 also shows the position in our container of the five selected sensors: blue (located at the cooling unit inlet), black (at the cooling unit output), red (near to the cooling unit but at an Fig. 4 Time series of relative humidity (up) and psychrometric chart (down) corresponding to five i-buttons. Sensors located at evaporator inlet and outlet in blue and black, respectively, at central position in red and sensors near the door in purple and green . The RH in the psychometric chart (down) is represented by the blue curved lines which are equi-spaced by 5 %. Green dots note the highest RH range of variation (26.5 %) reached at day 28.8 average height) and purple and green (near to the door). Observing the evolution of temperature (Fig. 3) and RH (Fig. 4) , there is no similar pattern of red and blue sensors (transversal plane 1, Table 2 ) and purple and green sensors (transversal plane 5, Table 2) in the first phase of transport, as it is observed in the enthalpy chart (Fig. 5) , wherein up to 20 days sensors behaved almost identically. The purple and red sensors positioned in the middle of the load (front and back) seem to correspond to areas where the air velocity is not very high, so it seems that they are more or less out of the main airflow stream. The different height positions of the sensors in each transversal plane involved different expositions to the air flow and different behavior in terms of temperature and RH, but its enthalpy behaves similarly to the 20 days, as it would under steady state. At such point (20 days), a peak temperature occurs which affects the outermost sensors (purple and blue), elevating abruptly the temperature by about 3°C, so that both exceed the threshold of 9°C in which the respiration heat from lemons becomes considerable and could exceed 610 kcal/tons day (Artés-Hernández et al. 2010; Artes et al. 1993 ). This increase did not affect the air surrounding the red and black sensors. The temperature increase in the return is immediately corrected thanks to the high air flow, while at the position of the purple sensor at the end of the container, the reduced air flow is not able to absorb all the heat generated in the peak. The increase in fruit respiration in that position also causes an increase of the differential temperature between the coldest and warmest locations at the reefer on successive days. This change was clearly addressable by tracking enthalpy in transversal plane 5 showing the separation of the green and purple sensors thereafter.
In relation to the computed enthalpy of the air inside the reefer, Fig. 6 shows the phase diagrams for the i-button located at the inlet of the cold unit. It can be observed that any of the Δ analyzed reproduce the cyclic behavior of the enthalpy in the phase space, although the more appropriate reconstruction of the attractor is achieved with a time step Δ= 5 equivalent to a time delay t d =5(step) · 17(min/step)=85 min (Xingyuan and Chao 2006) . Table 4 presents the values of the areas of attractors computed on phase diagrams of enthalpy (Δ=5) for all i-buttons (from 1 to 13) along LSS and SSS transportation. Regarding spatial variations inside the container, the coefficients of variation for both periods were above 100 %, indicating a large variability of storage conditions for varying locations inside the reefer, as shown by RFID Tags. The SSS showed the highest areas, that once more indicate sudden changes in the inner atmosphere during this period. The main changes of enthalpy are coincident by the opening of the doors for official inspections occurred during the SSS. Sensor 10 located near the door, reached an unusual high value of area (1,069 J 2 kg −2 ), which could be due to the extraction of inspection samples in port during SSS. This sensor showed a temperature rise during this period of 22°C. Even excluding sensor 10, the average value of the areas during SSS was five times higher than that corresponding to LSS. Considering LSS and SSS periods, sensor 1, located at the inlet of the cold unit, is the sensor that presented the highest values of area, which indicates that this position is a good location to detect the abnormalities occurred in such container. In this place, an increase in enthalpy of 27 % was reached during the door opening, with respect to stability conditions. In Fig. 7 , the enthalpy series during start-up time, LSS and SSS, is reconstructed in a two-dimensional phase space with Δ =5 of sensor 1. Figure 7 illustrates three different patterns of attractors that allow identifying different behavior through the transport. It is shown that these three attractors present identifiable shapes for the different periods during transport. In other research areas pattern recognition was used to identify different behaviors in time series. Huang et al. (2009) applied the phase space of gastrointestinal pressure to study the real motility of human stomachs; different shape of attractors were found and identified with two different phases of stomach contractions.
During the SSS period the highest variations of temperature, RH and enthalpy data were observed. This would indicate that thermal stress experienced by fruits during these last 9.5 days of transport was much higher than that during the rest of the journey, becoming a critical point in the logistics process. It has to be stated that within such a 9.5 day period, only 1.3 days correspond to actual sailing, indicating that 86 % of the time the cargo was waiting at the port, so that phase of transport had the greatest impact on the quality of the load and that it is susceptible of improvement by simply decreasing timeouts. It is interesting to remark that 39.7 % of the whole trip duration corresponds to delay times during loading/unloading operations and inspections.
The enthalpy rise, specially the one detected during the SSS period, could lead to an increase in energy consumption of the cold unit that can also be quantified in terms of areas. Enthalpy is a measure of the total energy of a thermodynamic system and it is considered here as the heat content of the air surrounding the fruits. The enthalpy is the preferred expression of system energy changes, because a change in enthalpy takes account of energy transferred between the environment and the system under study. Thus, the increase in air enthalpy registered along SSS represents mainly the heat gain from the outer environment and from the fruit respiration. The use of the enthalpy for monitoring a refrigeration transport allows a better comparison between behaviors in the different zones of the container. Therefore, the enthalpy is an appropriate variable to be used as input in a control strategy, from several points of view: (1) detection of failures, (2) isolation of abnormalities in cold storage, and (3) reduction of energy consumption.
Similar proposals have been formulated in other fields. Aktacir et al. (2008) presented an enthalpy-based control system for air conditioning in buildings, that incorporated a free cooling equipments, which implies the use of outside air looking for the maximum energy saving. They proposed a control system based on enthalpy instead of temperature, since enthalpy considers the additional power required to dehumidify the outdoor air. Villarroel et al. (2011) , in animal welfare studies, proposed the use of phase space of enthalpy as indicator of physiological and behavioral stress in pigs during long distance transports.
Conclusions
This work shows phase and time sequencing diagrams as a novel methodology and reveals a significant heterogeneity of temperature and relative humidity at different locations in a container during a transoceanic transportation. The maximum range of variation registered by RFID Tags was 6.8°C, being the maximum spatial range (same time, different location) 6.6°C, which occurred at SSS periods. These facts highlight the ineffectiveness of the present temperature control system of a standard refrigeration unit. The current availability of low cost sensors facilitates the multidistributed supervision of temperature and relative humidity inside a container and promotes overcoming this limitation.
In this work, a methodology for the analysis of data series is proposed, based on the representation of the phase diagram. To the authors' knowledge, phase diagrams have never been attempted thus far to study the temperature and the enthalpy in cold chambers and containers. Phase graphs allow users to highlight, in a confined space, the enormous differences in storage conditions within the container in which the fruits travel. Table 4 Areas calculated from the phase space of enthalpy for 13 ibuttons, along the LSS and the SSS periods, and their corresponding means (M), standard deviations (SD) and coefficient of variations (CV).
For SSS an outlier value was found for sensor 10 and it was avoided in calculus of M, SD and CV. Color of columns correspond to same color code for sensors identification used in Figs. 3, 4 , using Matlab function CONVHULL Areas of the attractors identified within the enthalpy phase diagrams, computed for the SSS period, were five times higher than those computed for LSS, with coefficients of variation above 100 % in both cases. This heterogeneity will show up primarily during the subsequent shelf life evolution of the fruits in the marketing period. In addition, phase diagrams based on enthalpy data represent the changes in the heat content of the air, and thus facilitate the detection of events, such as door opening, because the enthalpy calculated from the values of temperature and relative humidity, simultaneously displays the combined effect of both variables on storage conditions. It is remarkable that phase diagrams allow compressing the information due to its cyclic shape, thus being independent of the timescale, thus allowing the comparison of trials with very different duration.
This work proposes the use of enthalpy and phase diagrams as a part of a decision support tool for monitoring refrigerated goods during cold storage and transportation. It is important to note that this procedure (phase space of enthalpy) has potential applicability on any agro food processes in which temperature and relative humidity are the control variables of the process, for example, in food dryers or in food maturation rooms (cheese, ham). Further work is being carried out with other long-distance transport and different fruits to validate these results.
